Calcium-activated chloride conductance
Currents mediated by calcium-activated chloride channels (CaCCs) were first observed in the early 1980's in Xenopus oocytes (1, 2) and salamander photoreceptors (3) . Throughout the text we use the term CaCCs to describe macroscopic currents produced by calcium-activated chloride channels or to describe their single-channel activity recorded by the patch-clamp technique. More recently, they have been recorded in many cells and tissues ranging from different types of neurons to epithelial and muscle cells, as reviewed recently and comprehensively by Hartzell et al. (4) .
There are at least two different functions that could be fulfilled by CaCCs in cells and tissues where they are expressed. First, by shifting the membrane potential CaCCs could have an effect on excitability in neurons including the modulation of transduction in sensory neurons. The effect could be one of stabilization of the membrane potential, if intracellular chloride concentration is close to thermodynamic equilibrium, or excitation or inhibition if intracellular chloride is above or below equilibrium, respectively. Second, CaCCs might also fulfill a role in chloride movements as has been proposed for some epithelial cells whose activation would lead to transepithelial transport of salt together with water. Well-characterized examples, particularly of CaCCs of epithelial tissues, are summarized below, but comprehensive reviews can be consulted for more instances of the proposed functions of CaCCs (4) (5) (6) . Whenever possible, reviews rather than original contributions are cited due to space constraints.
CaCCs have been proposed to be important in a variety of functions in different cells or tissues. For instance, in olfactory neurons CaCCs are believed to amplify the odorant-induced signal by virtue of their activation by an elevation in intracellular calcium (7) . Less well characterized, but nevertheless important roles are played by CaCCs in the adaptation of taste receptors and in the modulation of photoreceptors (4, 5) . The function of CaCCs in other neurons remains less well explored. CaCCs are also known to play important roles in myocytes from cardiac and smooth muscle. In cardiac myocytes, since the equilibrium potential for Cl -is around -50 mV, activation of CaCCs has been suggested to contribute to delayed afterdepolarization (8) .
In smooth muscle cells, CaCCs are thought to take part in the regulation of the myogenic tone through membrane depolarization and in neurotransmitter-and local mediatorregulated contractility (9) .
In oocytes, CaCCs play a role in the prevention of polyspermy in amphibians, i.e., the blockade of sperm penetration once an initial fertilization has occurred. It is known that sperm penetration is accompanied by a rapid increase in intracellular calcium that leads to a prolonged and profound membrane depolarization. This membrane depolarization has been attributed to a sustained activation of CaCCs which, because intracellular chloride is above equilibrium, shifts the membrane potential to a more positive value (4).
CaCCs have been proposed to be involved in transepithelial transport, particularly in chloride and fluid secretion elicited by calcium-mobilizing agonists. The function of these CaCCs has been very well characterized in the fluid and electrolyte secretory processes of glandular tissues such as the salivary gland and the pancreas but it is less well clearly defined in the respiratory epithelium and remains controversial in the intestinal epithelium.
The characterization of CaCCs has relied mainly upon macroscopic current recordings since many reports indicate that their single channel conductance is too small for easy recording and maneuvers such as patch excision often lead to channel rundown (5).
CaCCs of secretory glands
The main electrophysiological characteristics of what has been called classical CaCCs (4) were already identified in lacrimal glands by Marty et al. in 1984 (10) and their kinetic and other properties were reported in some detail in 1986 (11) . Lacrimal gland CaCCs were activated by intracellular calcium in the range of 0.5 to 2 µM with a steep dose-response curve suggestive of cooperativity. The channels were markedly outward rectifying and activated by depolarization at low intracellular calcium. At the higher 2-µM intracellular calcium, the channels became virtually voltage-insensitive and non-rectifying. The single channel conductance of lacrimal gland CaCCs was estimated to be 1-2 pS by noise analysis. Lacrimal gland CaCCs could be activated by carbachol, presumably by physiologically meaningful intracellular calcium mobilization, and had a selectivity sequence, derived from shifts in reversal potential, of I -> NO 3 -> Br -> Cl -> F -> isethionate, methanesulfonate > glutamate. Arreola et al. in 1996 (12) reported similar currents in salivary parotid acinar cells and proposed them as the mediators of chloride efflux activated by increased intracellular calcium during fluid secretion. More recently, the channels of Xenopus oocytes have been revisited using excised insideout patches of membrane obtained from regions known to have a high density of channels (13) . This approach allowed measurements of macroscopic chloride currents, affording at the same time easy manipulation of intracellular calcium levels in defined solutions. The conclusion from this work is that the characteristics of oocyte CaCCs are very similar to those of lacrimal or parotid acinar cells. They provide, however, confirmation that these channels are directly activated by intracellular calcium without any need for invoking a calcium-dependent phosphorylation step. A comparison between CaCCs activated in salivary gland acinar cells and human colonic carcinoma cells highlighted the lack of need for the mediation by calmodulin-dependent protein kinase (CaM kinase) II for activation in the native cells compared with the transformed colonic epithelium (14) .
Airway epithelial CaCCs
Using human nasal epithelium mounted in Ussing chambers, it has been shown that stimulation of P2Y 2 receptors by ATP or uridine-5'-triphosphate (UTP) added to the apical side induces a secretory transepithelial current that has been attributed to the opening of apical CaCCs exclusively, as it is also observed using nasal tissue samples from human patients affected by cystic fibrosis (15) . Interestingly, a serosal purinergic stimulus also induced anion secretion, but this corresponds to the opening of cystic fibrosis transmembrane conductance regulator (CFTR) channels as it is totally absent from cystic fibrosis tissue. Thus, in this epithelium it is possible to activate different anion conductances with the same agonist depending on the side of the membrane where the stimulus is applied. The presence of CaCCs does not seem to be sufficient to alleviate the effects of cystic fibrosis in humans, but mice deficient in CFTR show no marked respiratory pathology and it has been speculated that a more predominant calcium-dependent chloride secretion in murine airways might compensate for the lack of CFTR in the knockout mouse. As recently discussed by Kunzelmann et al. (16) , functional microdomains formed through the interaction of calcium-mobilizing receptors, store-operated calcium channels and CaCCs might account for the observations of sidedness of agonist effects in respiratory, and perhaps other, epithelia. Recent data show that proinflammatory stimuli may significantly modify ion transport in the airway epithelium and therefore the properties of the airway surface fluid.
Further evidence for the presence of a separate pathway for calcium-dependent chloride secretion in the respiratory epithelium comes from studies of the effect of IL-4, a cytokine related to the pathogenesis of asthma, in human bronchial cells in vitro (17) . Long-term treatment of the cells with IL-4 causes a 2-fold increase in cAMP-dependent, CFTR-mediated secretion, but enhances 4-to 5-fold calcium-dependent chloride secretion measured as that current activated by api-cal UTP. The enhancement of UTP-elicited chloride current was also present in cells from cystic fibrosis patients, ruling out a participation of CFTR.
Intestinal epithelium CaCCs
Studies of transepithelial secretion of fluid and electrolytes in the intestine have historically led the way to our understanding of basic concepts of this important physiological process and its associated pathophysiology (18) . It is well known that cAMP-mediated agonists, and Vibrio cholera toxin, are able to elicit CFTR-mediated chloride secretion. Calcium-mobilizing agonists, including cholinergic muscarinic agonists, nucleotides and histamine, are also capable of eliciting intestinal chloride secretion.
The idea of the intestinal epithelium as a site of robust expression of CaCCs came from experiments on epithelial cell lines of colonic carcinoma origin. For instance, T 84 cells were observed to possess currents of the CaCC type that were in addition dependent upon CaM kinase II (19, 20) . The presence of CaCCs in native intestinal epithelium has been more difficult to demonstrate and there is a body of evidence suggesting that, although calcium-activated intestinal chloride requires basolateral calcium-dependent potassium channels, it is absolutely dependent upon the activity of apical membrane CFTR chloride channels (21) . There are some reasons, however, to consider a degree of possible participation of CaCCs in intestinal chloride secretion.
The first is that in CFTR knockout mice, which usually die of intestinal obstruction, the severity of the disease is genetically determined, since different inbred mouse strains obtained from backcrosses and intercrosses of Cftr-deficient mice show different survival rates (22) . Genetic analysis has demonstrated that there is a modifier locus for cystic fibrosis severity (cystic fibrosis modulator locus 1, Cfm1) near the centromere of chromosome 7. Comparative maps of the locus found on mouse chromosome 7 with other mammals shows syntenic regions in rat and human chromosomes. The human syntenic region is located within chromosome 19, in a locus that has been related to meconium ileus, an intestinal obstruction observed in nearly 20% of cystic fibrosis patients during childhood (23) . It is conceivable that the severity of the intestinal disease could be determined by the genetic background and that the relevant trait might be the differential expression of CaCCs or other chloride channels (24) . Secondly, the presence of CaCCs has been repeatedly reported in the rat intestinal epithelium (25, 26) and CaCCs have been suggested to act as mediators of rotavirus-induced diarrhea in 7-to 14-day-old mouse pups (27) .
We have re-examined the issue of the possible presence of CaCCs as mediators of calcium-dependent chloride secretion in mouse colon. The best known blocker of CaCCs known to date is niflumic acid, which effectively blocks Xenopus oocyte CaCCs in the 10-µM range (4) . Figure 1A shows a recording of the transepithelial potential difference (V te ) of mouse colon. The addition of basolateral carbachol reveals a robust chloride secretion response seen as a Figure 1 . Calcium-activated chloride secretion in mouse colon. The traces show continuous recordings of transepithelial potential difference (V te ) taken from stripped tissues mounted in Ussing chambers under current-clamp conditions. A change in V te in the negative direction corresponds to anion secretion, while positive shifts in V te are consistent with cation (generally potassium) secretion (21) . A, Addition of basolateral carbachol (100 µM) to the colon of a wild-type mouse reveals a robust chloride secretion response. The effect was not inhibited by the calcium-activated chloride channel blocker niflumic acid added to the apical side of the tissue at a concentration of 150 µM. When colon epithelium from a mouse deficient in cystic fibrosis transmembrane conductance regulator (CFTR) (58) was similarly challenged with carbachol there was no response that could be linked to chloride secretion. Instead, a positive spike that corresponds to potassium secretion (21,28) is observed. In both experiments the tissues were previously incubated with tetrodotoxin (TTX) to inhibit stimulation of chloride secretion via residual enteric neurons, with amiloride to inhibit sodium absorptive currents via ENaC, with forskolin to increase cAMP levels and activate CFTR, and with chromanol 293B to inhibit cAMP-activated potassium channels, thus preventing any cAMP-activated chloride secretion (21) . C and D show the effect of basolateral uridine-5'-triphosphate (UTP) at 100 µM on V te of colonic epithelium from wild-type (C) and CFTR(-/-) (D) mice. The epithelia used in experiments C and D were previously incubated with TTX and amiloride only. The traces illustrated are representative experiments. Each experiment was repeated at least three times using tissues from different animals, with similar results.
negative deflection in V te . Niflumic acid was unable to affect any portion of the calcium-activated chloride secretion elicited with the muscarinic agonist. Figure 1B shows carbachol stimulation in a colonic epithelium from a CFTR knockout mouse. There was no evidence for anion secretion, but positive displacements in V te suggested that in the absence of CFTR a potassium secretory process had been unmasked.
It has been demonstrated that the addition of ATP or UTP to the apical side of the mouse colonic epithelial layers induces a rapid and transient increase in potassium secretion by activation of maxi-potassium channels (28) . The receptors mediating this effect are P2Y 2 and P2Y 4 receptors, as demonstrated by the use of tissues from the respective knockout mice (29) . The stimulation of colonic epithelium by the basolateral addition of UTP induced a small electrical response that could be associated with calcium-dependent chloride secretion in the tissue from mice of CD1/SV129 hybrid background (29) . We have recorded similar responses in our experiments with colonic epithelium from BALBc/Black Swiss animals (see Figure 1C) . However, this small anion secretion response was absent in the colon of CFTR knockout mice ( Figure 1D ), suggesting that the observed change in V te was due to the activation of the cAMP-dependent CFTR chloride channel. It is interesting to note that when the potassium current activated by apical UTP is abolished by knocking out either the P2Y receptors or the maxi-potassium channels, or by inhibiting with apical barium (28, 29) , the small negative change of V te is still present. This suggests that differential activation of CFTR and the CaCCs seen in the airway epithelium (see above) is not taking place in the colon.
We have also studied carbachol-induced chloride secretion in colonic tissue from 8-to 14-day-old CFTR(-/-) pups to test for the presence of calcium-dependent chloride secretion as suggested by work on rotavirus-induced diarrhea (27) . In no instance did we detect an electrophysiological response consistent with calcium-dependent chloride secretion.
These new observations reinforce the view that if CaCCs are present in the intestine, they are not involved in chloride secretion in any major way, and that any form of anion secretion in the intestine requires the activity of CFTR chloride channels.
Possible molecular counterparts of calcium-activated chloride channels
Further advance in our understanding of the physiology of CaCCs has been hampered by the lack of reliably identified molecular counterparts of these channels. The potential advantages of such an identification include the possibility to study their physiological and pathophysiological roles by knocking them out specifically, detailed structure function studies and the potential identification of genuinely specific inhibitors. At least three candidate proteins have been proposed as the molecular counterparts of CaCCs, as described below.
The CLCA family of proteins, for which there are examples of cloned putative CaCC channels from respiratory and intestinal tissues (30, 31) . There is, however, great skepticism over the function of CLCAs as chloride channels (32, 33) , among other things because some of them do not appear to be integral membrane proteins but seem to be soluble, secreted proteins.
The ClC-3 member of the ClC family of chloride channels and transporters has been proposed to underlie the CAMKII-activated chloride current of the type seen in T84 and other colonic carcinoma cells (34, 35) . The properties of the currents reported for ClC-3, however, differ from those typically described for CaCCs and a normal CaCC activity has been shown in parotid acinar cells from a ClC-3 knockout mouse (36) .
Bestrophin, a protein product of the vitelliform macular disease VMD gene, was shown to form oligomeric chloride channels sensitive to intracellular calcium. In addition, each of 15 disease-associated mutants of VMD was shown to exhibit reduced or null membrane current. Four of these mutant bestrophins had a dominant negative effect on wildtype membrane current, consistent with the nature of the disease (37) . The position of bestrophins as genuine chloride channels has received strong support from a variety of experimental approaches, probably the strongest being sitedirected mutagenesis coupled with functional experiments on Best2 demonstrating the molecular basis of permeation and blockade properties of multiatomic anion thiocyanate (38) . Although fulfilling the essential requirement of being chloride channels, bestrophins have fallen out of favor as candidate molecules to underlie the classical CaCCs as they do not share some of their functional characteristics. As reviewed by Hartzell et al. (39) , bestrophins lack the characteristic outwardly rectifying kinetics of CaCCs, Best1 and Best2 have intracellular calcium affinities 10-fold higher than those of classical CaCCs, have not been shown to be activated by calcium-mobilizing agonists and, unlike CaCCs, are also activated by increases in cell volume, which might place them in the category of volume-regulated anion channels (40) .
TMEM16 family of membrane proteins as CaCCs
Last year saw a flurry of activity in the field of the CaCCs with the almost simultaneous publication of three papers reporting that TMEM16A is a bona fide CaCC (41) (42) (43) . These publications have elicited much interest in the membrane biology field as it turns out that the functional expression of TMEM16A in heterologous systems yielded a conductance that for the first time showed the "classical" characteristics of the CaCCs. Upon discovery of the anion channel nature of TMEM16A, Yang et al. (41) changed the name of TMEM16 to Anoctamin (abbreviated ANO), incorporating the concept that they might be anion channels and the fact that they have eight putative transmembrane segments. We have adhered to the TMEM16 nomenclature here because the eight transmembrane domain concepts might be transient, as illustrated by the drastic change in number of α-helices upon publication of the first X-ray structure of a ClC transport protein (44) and the potentially embarrassing meaning of the abbreviation in Spanish.
Yang et al. (41) took the apparently straightforward approach of mining the public domain databases for genes coding for proteins with more than two predicted transmembrane domains and considered to be putative transporters or channels. They fell upon TMEM16A, which had 8 predicted transmembrane domains and 10 homologues in man. TMEM16A co-expressed with endothelin receptor A endowed HEK293 cells with robust endothelin-induced chloride currents that were outwardly rectified at low activation levels but non-rectifying at maximal activation. The currents had the typical selectivity of CaCCs and could be blocked by chloride channel blockers, among them niflumic acid. That TMEM16A is a genuine chloride channel can be deduced by site-directed mutagenesis of a region identified as a possible pore loop. Reversing the charge of three highly conserved basic residues in this region changed TMEM16A from anion-to cation-selective and blocking a trio of cysteine residues inhibited the current. When studied in inside-out patches, intracellular calcium activated the channel in a cooperative manner much as found before for so-called classical CaCCs. TMEM16A was found to be present in cells and tissues associated with CaCC expression. These included epithelial cells of pulmonary bronchioles, pancreatic acinar cells, kidney proximal tubules, all retinal cell layers, most sensory neurons, Leydig cells of testis, and the apical membranes of submandibular gland acinar cells. Using an siRNA approach Yang at al. (41) were also able to decrease the expression of TMEM16A in submandibular glands of mice and to reduce pilocarpine-induced saliva output.
Caputo et al. (42) took advantage of their previous observation that long-term stimulation with cytokines such as IL-4 and IL-13 of cell cultures from epithelial bronchial human cells results in the enhancement of calcium-dependent chloride secretion activated by UTP (see above) to search for possible enhanced transcribed genes in microarray analyses. Among other gene products, they identified TMEM16A, which was enhanced 7-fold by treatment with IL-4. They then used an siRNA approach to show that UTP-evoked CaCC activity enhanced by IL-4 in cystic fibrosis cells from pancreas and bronchial epithelium was markedly reduced in cells transfected with siRNA against TMEM16A. siRNA against the TMEM16 family members TMEM16F or TMEM16K had no effect. Transfection of TMEM16A cDNA into Fisher rat thyroid or HEK293 cells produced membrane protein expression and niflumic acidsensitive chloride currents with typical CaCC-like outwardly rectifying characteristics. Caputo et al. (42) also validated the genuineness of TMEM16A as a chloride channel by sitedirected mutagenesis, but targeted putative transmembrane domains rather than the pore domain identified by Yang et al. (41) . Neutralization of basic amino acids in transmembrane domains 5 and 8 led to marked current reduction, while neutralizing R563 in transmembrane domain 3 led to altered kinetics. Mutation Q757A in transmembrane domain 6 abolished voltage dependence and altered the selectivity of channels associated to TMEM16A expression.
Schroeder et al. (43) exploited the fact that oocytes from the axolotl Ambystoma mexicanum lack CaCCs (and can be therefore polyspermic!) to use them as an expression cloning system for Xenopus laevis oocyte CaCC mRNA. This strategy led them to discover xTMEM16A, the expression of which generated calcium-activated chloride currents with the typical marked voltage dependence and outward rectification of Xenopus oocyte CaCC. As expected, the currents became less dependent upon voltage and showed little rectification at high intracellular calcium levels. Calcium dependence had the expected cooperative behavior, which became steeper the more positive the potential. Currents could also be activated by carbachol-induced intracellular calcium mobilization. The current was most strongly inhibited by niflumic acid and also by 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) with a dissociation constant of 29 µM. Schroeder et al. (43) also identified the mouse isoform of TMEM16A and, in addition to showing its functional expression in HEK293 cells, they demonstrated their presence in mammary and salivary glands by in situ hybridization.
Almost coincidental with these reports, and apparently unaware of the identification of TMEM16A as a CaCC, Rock et al. (45) had reported a TMEM16A knockout mouse. All knockout homozygous mice died within one month of birth exhibiting severe tracheomalacia with gaps in the tracheal cartilage rings. Rock et al. (45) proposed that the cartilage ring defect observed in TMEM16A knockout animals was secondary to an improper stratification of the embryonic tracheal epithelium or the abnormal trachealis muscle. It is tempting to speculate that the absence of calcium-mediated chloride secretion in the trachea of mutant animals is the cause of the ensuing malformation.
Are all TMEM16 proteins chloride channels?
The identification of TMEM16A as a CaCC with all the long-sought characteristics of this important ion channel opens the way for its structure-function study by site-directed mutagenesis and functional assay, the resolution of its structure if crystallization of a TMEM16 could be achieved and further investigation of its knockout in mice (45) to probe its role in tissues where it is prominently expressed.
Particularly, this last approach will help elucidate the importance of the other members of the TMEM16 family in the physiology of diverse organs.
Another important question is whether other TMEM16s also function as chloride channels. In the mouse, for example, there are at least eleven members of the TMEM16 family (see dendrogram in Figure 2) , with TMEM16B being the most closely related to the one identified as CaCC. Also, the question remains as to their oligomeric structure. It is possible that more than one isoform might coexist at the same cell location. There is a clear need to couple these possible research avenues with an examination of which cells and tissues express which TMEM16 isoforms to obtain insight about novel functions for these proteins. This type of question needs to be addressed also in tissues that do not appear to harbor classical CaCCs, such as the intestine, as this might lead to fresh views about the potential functions of this interesting family of proteins. As a first step in tackling this question we have examined the presence of TMEM16 transcripts of all eleven members present in colonic epithelium. Specific primers were designed and the results of PCR amplification are shown in Figure 3 . Seven of the eleven identified TMEM16 transcripts, namely those of TMEMs A, B, E, F, G, J, and K, are present in colonic epithelium. The presence of TMEM16A is puzzling in view of the lack of calcium-activated chloride secretion in intestinal tissue discussed above. Although there is no evidence for CaCCs mediating calcium-activated intestinal secretion (46) , the presence of a carbachol-activated chloride conductance in crypts from CFTR knockout mice has been deduced from agonist-elicited changes in cell volume (47) . In view of the absence of calcium-dependent chloride secretion in this epithelium, it is possible that what was observed corresponds to the activation of basolateral membrane chloride channels, therefore having an impact on cell volume through KCl efflux but not on transepithelial secretion. Chloride channels in such a location have been reported in both small and large intestine (48) (49) (50) . Future work will be needed to determine whether TMEM16A, or indeed the other TMEM16 congeners present in colon epithelium, make a contribution to the chloride conductance of these cells.
Final remarks
The identification of TMEM16A protein as a CaCC with all the expected characteristics of the calcium-activated chloride channels expressed in various epithelial, neuronal PCR detection of mRNAs for TMEM16 family members in colonic tissue. Colonic epithelium was stripped of its muscle layers and mRNA was isolated and reverse transcribed (59) . PCR was performed using specific primers for members of the TMEM16 family using a single cDNA sample. Lanes contained a 1-kB ladder (a and b correspond to the 500-and 250-bp marker, respectively) and then TMEM16A (324 bp), TMEM16B (330 bp), TMEM16C1 (341 bp), TMEM16C2 (320 bp), TMEM16D (493 bp), TMEM16E (226 bp), TMEM16F (380 bp), 1-kB ladder, TMEM16G (248 bp), TMEM16H (296 bp), TMEM16J (374 bp), and TMEM16K (329 bp). The PCR conditions included 35 cycles with annealing temperature of 55°C. A representative experiment of three different ones performed with independent cDNA samples is shown. Control experiments were carried out using whole brain, and olfactory epithelium obtained from mice and rats confirmed the ability of all primer sets to amplify the expected products (González C and Bacigalupo J, unpublished data).
www.bjournal.com.br Braz J Med Biol Res 42 (11) 2009 and other cells opens the way for the detailed molecular study of a whole new family of potential chloride channels. It has been pointed out (43) that some TMEM16 family members could fulfill tasks in intracellular membranes. An example of this is Drosophila Aberrant X segregation protein that is present in membranes surrounding the meiotic spindle (51) .
The level of CaCC activity in epithelia of CFTR knockout mice correlates with the severity of disease (46, 52) . CaCC-mediated secretion is not affected by cystic fibrosis in humans (53, 54) . Modulating CaCC activity, for example in the airways, could help alleviate some of the pulmonary effects of the disease, a course of action that might be facilitated by the identification of TMEM16A as the molecular counterpart of those channels.
There is also evidence that TMEM16A gene is present in various cancers including gastrointestinal stromal tumors (55) (56) (57) . It is of course too early to say whether the channel function of TMEM16A is related to tumorigenesis and whether channel inhibitors or activators might be of any potential therapeutic use.
Independently of the possible future directions of the research on TMEM16 proteins, their discovery as the chloride channel molecules behind CaCC activity represents a great triumph of scientific perseverance and ingenuity. The varied approaches used by the three independent research groups also augur well for the solidity of the discovery, a quality that has not often been associated with the difficult quest for molecules behind the activities in the field of anion channels.
